We demonstrated an approach to break the diffraction limit and realise deep-subwavelength twophoton direct laser writing by employing a highly sensitive photoreduction process. The photoreduction photosensitivity increased by at least 4 times while the wavelength of the fabrication laser beam was tuned from 800 nm to 580 nm. The increase of the photosensitivity resulted in improved resolution for the silver dot fabrication. By developing the photoreduction material with adding electron donors, the photosensitivity further increased and enabled the realisation of a single silver dot at 22 nm which is k/26 for the wavelength of the fabrication laser beam. The ever-increasing demand on the extremely compacted functional devices boosts the development of fabrication techniques to pursue the rapid improvement of accuracy and resolution. Although great advances in the fabrication of miniaturized structures as small as in the nano-scale has been achieved by using nano-techniques such as excimer laser lithography, 1 nanoimprint lithography, 2 and electron beam lithography, 3 the complicated protocol has hampered their applications in three-dimensional fabrication for realising emerging photonic devices. [4] [5] [6] In the past few years, direct laser writing (DLW) has attracted great interest due to its appealing advantages such as the maskless feature, the feasibility for a wide range of materials, and the capability of three-dimensional fabrication. [7] [8] [9] [10] [11] In particular, based on the multiphoton absorption process, DLW has demonstrated fine micro-structures with complicated geometries, while it provides a way to confine physical and chemical reactions in the focal volume by using material nonlinear optical responses. On the basis of nonlinear optical absorption by the photoresin, an 800 nm laser beam can produce a single dot with the feature size of 120 nm, corresponding to k/7 resolution. 12 However, the diffraction nature of light, which is termed as the Abbe's diffraction limit, sets up a barrier for extending the resolution to the nano-scale. Although a two-beam superresolution method by employing photoinhibition processes, such as photodeactivation, 13 photo-induced inhibitor-radical generation, 14, 15 or stimulated emission, 16 has enabled ultrahigh resolution through inhibiting polymerization within a doughnut-shaped inhibition beam, the complexity of the twobeam alignment may bring a potential limitation to metallic materials.
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In this paper, we demonstrate deep-subwavelength single-beam direct laser writing, which enables the fabrication of silver nanodots as small as 22 nm by employing the photoreduction-based nonlinear ultra-high photosensitivity. Unlike the polymerisation-based fabrication, the photoreduction-based fabrication is realised through sequential three-step reactions, namely, nucleation, nuclei growth, and particle aggregation. 17 At different reaction levels, the photoreduction photosensitivity differs from each other. In addition, photoreduction of metal ions could exhibit an ultra-high photosensitivity with a photon flux dependency, as the reduced metal enhances the light absorption and promotes the electron transferring from donors to acceptors. Consequently, this type of the photosensitivity can enable a significant improvement of the resolution in the fabrication.
The silver dots were fabricated with a standard twophoton laser writing setup. 4, 6 An ultrafast Chameleon OPO laser system (Coherent) with a repetition rate of 80 MHz and a pulse width of 140 fs was used as the light source. The laser beam passing through a telescope-based optical setup was focused onto the surface of a cover slip with an oil immersion objective (100Â, NA ¼ 1.4). The cover slip was fixed on a high-precision 3D piezoscanning stage controlled by the computer. The photoreduction solution was formulated by mixing the silver nitrate, ammonium, and surfactant n-decanoylsarcosine sodium with the concentrations of 0.07, 0.035, and 0.08M, respectively. To prepare the sample, the photoreduction solution was sandwiched by using two cover slips and a sticky tape with the thickness of 45 lm as the spacer. After the fabrication, the sample was rinsed by deionised water and dried in the open air.
For reducing the silver ions and producing a silver dot, the laser energy should exceed two thresholds ( Figure 1) . One is the nucleation threshold and the other which is higher is set up by the formation of silver dots through the aggregation of growing silver nanoparticles accompanied with an accelerating photoreduction of silver ions (Figs. 1(a) and 1(b)). The nucleation threshold determines the minimum laser energy to initiate the photoreduction reactions, while the laser energy below the threshold cannot reduce the silver ions to generate silver nuclei. Above the nucleation threshold, the silver nuclei require more laser energy to grow up and aggregate to form a silver dot, which imposes a higher fabrication threshold. Meanwhile, the photosensitivity of the photoreduction solution dramatically increases with increasing the laser energy, as the nuclei increase the chemical reaction on their surface. 18 In this case, the feature size of the silver dot can be realised at its minimum level by carefully tuning the laser energy to achieve the fabrication threshold ( Fig. 1(d) ). The effective focal spot for the photoreduction in terms of the size of the photoreduction area can be adjusted smaller than the focal spot of the laser beam. While the photosensitivity of the photoreduction solution increases, the size of the effective focal spot can be further squeezed ( Fig. 1(a) ) at the threshold level of the laser energy.
In practice, the increase of the photosensitivity for the photoreduction solution can be achieved by tuning the wavelength of the femto-second laser. As shown in Fig. 2 , we found that the dot size increased from 200 nm to 290 nm as the wavelength was tuned from 620 nm to 580 nm with a fixed laser energy at 4 lJ. In this regard, the weight of the reduced silver, where the weight of the silver dot can be calculated based on its diameter (the weight: w ¼ q silver Â 2=3 Â p Âðd=2Þ 3 , d is the diameter of the silver dot and q silver is the silver density: 10.5 g/cm 3 ), increased by 3 times from 0.022 Â 10 À12 g to 0.069 Â 10 À12 g with the blue shift of the laser wavelength assuming the silver dot as a hemisphere. 17 As the wavelength of the laser beam was tuned to 800 nm, the fabrication threshold was larger than 4 lJ (Fig. 2(c) ), which implies more laser energy was required to form a silver dot at a longer wavelength. In addition, Figs. 2(b) and 2(c) have shown the weight variation of the photoreduced silver dot as a function of the laser energy under the exposure with the laser beams of different wavelengths. While the wavelength was tuned from 800 nm to 580 nm, the weight of the reduced silver dot fabricated with the laser energy in the threshold region increased faster with increasing the laser energy, which suggested that the shorter wavelength rendered a higher photosensitivity. Moreover, as the diffusion of the silver ions into the focal region set up a limit for the photoreduction, 19 for a given wavelength, the photosensitivity could drop with increasing the laser energy. At the wavelength of 580 nm, we found that the photosensitivity decreased from 0.025 Â 10 À12 g/lJ to 0.010 Â 10 À12 g/lJ, which was calculated by the gradient of the curve for the weight change of the photoreduced silver dot (the photosensitivity: Ph ¼ ½wðE 2 Þ À wðE 1 Þ=ðE 2 À E 1 Þ, wðEÞ is the weight of the silver dot produced with the laser energy of E), while the laser energy increased from 1 lJ to 5 lJ.
As the fabrication with the laser energy in the threshold region results in higher resolution, the corresponding photosensitivity plays a critical role in producing small features. Fig. 3 shows the variation of the photosensitivity for the photoreduction solution in the threshold region and the minimum feature size of the silver dots as the laser beam wavelength was tuned from 800 nm to 580 nm. The photosensitivity in the   FIG. 1 . The schematic of the resolution improvement by increasing photosensitivity in the photoreduction process. (a) The distribution profiles of the reduced silver dots. The red curve and the black curve are the distribution profiles of the reduced silver dot in case of the high photosensitivity and the low photosensitivity, respectively. dX 1 is the decreased size of the silver dot with increasing the photosensitivity. (b) The amount of reduced silver plotted as a function of the fabrication laser energy. E th is the laser energy threshold required for the nucleation of silver ions. The red curve with a higher gradient indicates high photosensitivity for the photoreduction solution. The black curve with a lower gradient indicates low photosensitivity for the photoreduction solution. When the laser energy level is below the nucleation threshold, the photoreduction reaction cannot be initiated, which results in the reduced silver equal to zero. When the laser energy level is between the nucleation threshold and the fabrication threshold, the reduced silver cannot form a silver dot. (c) The illustration of the direct laser writing with high photosensitivity and low photosensitivity, respectively, under the laser irradiation at the threshold level. (d) The distribution of the laser energy in the focal region of the fabrication laser beam. The red curve and the black curve are the energy distribution at the fabrication threshold levels in case of the high photosensitivity and the low photosensitivity, respectively. dX 2 is the decreased size of the exposure zone with the laser energy above the nucleation threshold as the photosensitivity increases. threshold region was calculated based on the gradients of the curves plotted in Fig. 2 between the first two dots fabricated with low laser energies. As the wavelength was shifted from 800 nm to 580 nm, the photosensitivity increased from 0.006 Â 10 À12 g/lJ to 0.025 Â 10 À12 g/lJ ( Fig. 3(a) ). Eventually, the increase of the photosensitivity resulted in the feature size of the silver dot decreasing from 220 nm to 130 nm (Fig. 3(b) ), which implies improved resolution for fabrication, while the laser energies used in the fabrication were 7 lJ for 800 nm laser beam, 4 lJ for 620 nm laser beam, 2 lJ for 600 nm laser beam, and 1 lJ for 580 nm laser beam, respectively.
While the photosensitivity significantly affects the silver dot size, the smallest dot size can be predicted by a model based on the distribution of photo flux for the photoreduction process. For a focused laser beam with a Gaussian distribution, the photon flux Nðr; tÞ at a point with a distance of r to the centre position of the beam in the focal plane (z ¼ 0) is: Nðr; tÞ ¼ N 0 ðtÞexpðÀ2r 2 =r 0 2 Þ, where N 0 ðtÞ is the photon flux at the centre of the beam, r is the distance of the position to the centre of the beam, and r 0 is the waist of the laser beam. For a given exposure time, we can assume that the amount of the photoreduced silver at the position r is: S ¼ k ef f Â r ef f N 2 ðr; tÞ, where r ef f N 2 ðr; tÞ is the two-photon absorbance of the photoreduction solution (r ef f is the effective absorbance cross-section) and k ef f represents the photosensitivity, when the photo flux is above the nucleation threshold. 20 For the photon flux at the fabrication threshold level, which represents the minimum photon flux required for fabricating silver dots, the size of the reduced silver dot (the size: d ¼ 2r), based on the photon flux distribution, is given by:
where S th represents the minimum amount of the reduced silver (in Fig. 1 ) required for producing a silver dot and N th is the nucleation threshold for the photoflux. Thus, the diameter of the silver dot depending on the photosensitivity can be expressed as:
, where the c is ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi S th =r ef f p N th À1 and r o is 0:61 Â k=NA. The calculated results can fit the experimental results (Fig. 3(b) ), which indicates that the high photosensitivity for the photoreduction process can reduce the feature size of the silver dot to a deep sub-diffraction level.
For further increase the photosensitivity, we have added a water soluble dye (2-hydroxy-4 0 -(2-hydroxyethoxy)-2-methylpropiophenone, 0.6 wt. %) as an electron donor which has the photo-absorption band up to 380 nm. Fig. 4(a) shows the SEM images of silver dots fabricated under the exposure of the laser power from 0.05 mW (equivalent to the laser intensity of 2.23 GW/cm photosensitivity of the material was improved to 0.054 Â 10 À12 g/lJ under the exposure of the laser power of 0.1 mW which could contribute to a larger K ef f , as shown in Figs. 4(a) and 4(b) . Meanwhile, the feature size of the silver dot dramatically increased with increasing the laser power above the threshold. This could be explained by the increased chemical reactivity and photoreduction sensitivity due to the photoabsorption of the reduced silver. 18 As the laser power increased from 0.05 mW to 0.4 mW, the feature size increased from sub 100 nm up to around 400 nm, which approached to the size of the diffraction-limited focal spot at 505 nm. In addition, the laser energy for the fabrication threshold was reduced to 0.25 lJ, which can also weaken the thermal effect to produce small silver dots. With the exposure time of 5 ms and the laser power of 0.05 mW, we achieved the minimum silver dot of 22 nm (Fig. 4(c) ), equivalent to k/26 for the wavelength of the laser beam.
In conclusion, we have demonstrated an approach for direct laser writing based on the two-photon photoreduction process to produce deep-subwavelength features. In experiment, by adjusting the wavelength of the fabrication laser beam and adding electron donors, we have achieved a highly photosensitive photoreduction medium. The increase of the photosensitivity leads to the decreased feature size of the silver dot fabricated under the irradiation of the laser beam at a threshold level. In this case, the high photosensitivity can enable the fabrication of the silver dot as small as 22 nm which is equivalent to k/26 for the wavelength of the laser beam, and thus, far beyond the diffraction limit. We expect this approach can provide a simple and feasible way for nanofabrication based on far-field optics for producing nanophotonic and nanoelectronic devices.
